Physico-chemical properties of the RNA of cowpea chlorotic mottle virus (CCMV), either as extracted from or contained in virus particles, were investigated. The similarity of the hypochromicity obtained on alkali hydrolysis of isolated CCMV RNA and that of RNA in virus particles showed that the secondary structure could be conserved upon extracting the RNA from virus particles. Through the pH range in which the virus particles swell, the hypochromicity determined from the melting profiles of purified, unfractionated CCMV RNA remained constant, as did the sedimentation coefficients of the separated RNA species which comprise the multicomponent genome of CCMV. Changes in RNA conformation are, therefore, probably not responsible for the swelling of the virus particles.
INTRODUCTION
RNA structure may play a role in the assembly of cowpea chlorotic mottle virus (CCMV) and in maintaining the stability of the virus particles. The shell of isolated CCMV protein, for example, disaggregates above pH 5"5 while the virus remains intact at low ionic strength, although swollen (Bancroft, i97o; Adolph & Butler, 1974) . As a minimal structural role in assembly, it is possible that a certain structure on the RNA molecules is required to initiate virus assembly.
In order to discover the best conditions for assembly and to elucidate the macromolecular interactions which stabilize the virus, it was decided to investigate several basic aspects of CCMV RNA structure. The question of whether structure exists in the CCMV particles was approached through the relationship of hypochromicity with secondary structure. A study of the effect of pH and ionic strength upon the thermal denaturation profiles and sedimentation coefficients allowed the structural transitions of the isolated RNA to be defined.
METHODS
CCMV RNA was extracted from virus that had been purified as previously described (Adolph & Butler, I974) . Two methods were used to prepare the RNA: unfractionated RNA was obtained by phenol extraction, while the several RNA species were separated by velocity sedimentation in sucrose gradients following sodium dodecyl sulphate (SDS) dissociation of the virus. For the phenol procedure, bentonite (prepared according to Fraenkel-Conrat, 1966 ) was added to virus (5 mg/Io mg of virus) in pH 5"o, I = o.r acetate buffer, followed by the addition of SDS to 2 ~. After incubating for I5 min at I38 K.W. ADOLPH 37 °C, the solution was mixed with an equal vol. of phenol saturated with o.I M-sodium acetate, o.o~ M-EDTA, o.o~ M-tris, pH 7"5. All further steps were carried out at 4 °C. The mixture was shaken for 20 min, the aqueous phase separated from the phenol phase by centrifuging, and the extraction procedure was repeated twice, adding one-half vol. of phenol and shaking for to min each time. The RNA was precipitated with 2"5 vol. of ethanol at -20 °C and resuspended in o.I M-sodium acetate, o.ot M-EDTA, o.o~ M-tris, pH 7"5. After repeating this ethanol precipitation, the RNA was taken up in an appropriate buffer and stored at -2o °C. Concentrations of RNA were determined from the extinction coefficient E%~ ~/° = 33"84 (Bancroft et al. t968) .
The individual RNA species were purified by first dissociating the virus, at a concentration of about 5 mg/ml in pH 5"5, I = o.I buffer, with 2 ~ SDS at 5o °C for 3 to 5 min. The RNA-protein mixture was layered on a 5 to 20 ~o sucrose gradient in o-~ M-sodium acetate, o.oI M-tris, pH 7'5, I ~ SDS. Sedimentation was for ~8 h at 2oooo rev/min, in a Beckman SW27 rotor with the temperature at 2o °C. Fractions were collected from the bottom of the tubes, the fractions corresponding to the optical density peak for the RNA species were pooled and the RNA was precipitated with ethanol. The purified RNA components were re-centrifuged in sucrose gradients, following the above conditions, to ensure that cross-contamination of the RNA species was minimized. The two highest tool. wt. molecules, species I and 2, could not be separated by this procedure and so are considered together. Besides providing the isolated components, this method yields a much higher percentage of the RNA (greater than 75 ~o) than does phenol extraction, which gives about 25 ~ of the RNA.
The RNA melting experiments made use of a Unicam SP5oo Series 2 spectrophotometer to measure the extinction at 260 nm and a Haake water bath to raise the temperature. The RNA concentration was adjusted so that the extinction was just over I unit. The temperature was measured with a thermistor in a cell that was identical to the one containing the RNA and was held in the same heating block.
Sedimentation coefficients of the isolated RNA species were determined in a MSE Analytical Ultracentrifuge Mark II equipped with a scanning system. All values that are reported, which have been converted to s20.~ by the Svedberg equation, are the average of at least two independent measurements.
RESULTS

Hypochromicity of CCMV RNA
Is the structure of isolated CCMV RNA relevant to the structure of the RNA in the virus? This question must be answered before any firm conclusions may be drawn from the work performed on the purified RNA. One approach to determine whether the RNA in the two environments has the same amount of structure is to measure the hypochromicity of the RNA in the virus. The hypochromicity could not be measured thermally by 'melting' CCMV since the virus denatures and coagulates upon raising the temperature. Attempts to stabilize the protein shell by treating with 2 ~oo glutaraldehyde at room temperature for 19 h were unsuccessful. Furthermore, it is questionable whether the hypochromicity measured for cross-linked virus would reflect the true hypochromicity.
Schlessinger (I96O) utilized another approach-hydrolysis of the RNA with alkali-to estimate the in situ hypochromicity of ribosomal RNA and the RNA of several plant viruses. A similar procedure was followed with CCMV. The RNA was hydrolysed by heating the virus in o'25 N-KOH for I h at Ioo °C, and then neutralized with HC1.
Increasing the length of the treatment to 2. 5 h or even 24 h had no effect. The average hypochromicity, defined as the increase in extinction at 260 nm, of six such determinations was 3z (_+ 3) ~. This value can be compared to the hypochromicity measured by a similar alkali treatment of CCMV RNA isolated from the protein by phenol extraction, which was found to be 35 ( + ~) ~-One may thus conclude that the hypochromicities of purified CCMV RNA and the RNA in the virus are identical and so the amount of secondary structure is preserved when the RNA is isolated from the protein.
Melting curves of unfractionated RNA
The increase in extinction resulting from the thermal denaturation of RNA and the temperature at the midpoint of this 'melting' are useful indicators of RNA structure. The melting profiles of unfractionated CCMV RNA were measured at representative values of high and low pH and ionic strength using RNA prepared by phenol extraction. The characteristic low pH was taken to be pH 4"5, since both the virus (Adolph, I975) and its capsid (Adolph & Butler, I974) are stable at this pH. The RNA should not be substantially damaged in the melting experiments at pH 4"5 (much fewer than I ~ of the bonds would be cleaved) by acid-catalysed hydrolysis of phosphodiester bonds (Bock, I967) . At the high pH, pH 7"5, the virus has either swollen (low ionic strength) or disassembled (high ionic strength) while the capsid has disaggregated to its 3 S components. Ionic strength o.2 was chosen to be the representative low ionic strength. In each case the effect upon the melting curves of adding o.ox M-MgC12 was investigated since Mg 2+ is known to affect the sedimentation behaviour of CCMV (Bancroft, I97o; Adolph, I975) and the potentiometric titration of the virus (Jacrot, I975).
The major conclusion of these experiments was that pH has little effect on either the melting point or the total change in relative extinction. At I = o.2 and pH 4"5, a pH at which the virus is stable, the RNA melted over a broad range of temperature centred at 53 °C and showed an increase in the extinction from o'76 (at 23 °C) of the value at 95 °C (Fig. I e) . Raising the pH to 7"5 (tris buffer, 25 °) gave a melting point of 55 °C and an initial relative extinction of o'78. The difference from the results at low pH may be experimental error or caused by the nature of the buffer. When phosphate buffer was used at pH 7"5, instead of tris, the melting point was reduced to 52 °C (Fig. z) . If the hypochromicity of RNA is related to the amount of secondary structure, one can conclude that the amount in the pH range of unswollen and swollen virus was the same. The effect of adding o.oL M-MgCI2 to the I = o.2 buffers at both pH 4"5 and pH 7"5 was to increase the melting point of the RNA by about Io °C, while the initial (pre-melting) extinction was altered only slightly. At pH 4"5 the melting point was raised 9 ° to 62 °C and at pH 7"5 an increase of i r °C raised the melting point to 66 °C. The addition of bis(3-aminopropyl)-amine also produced a substantial rise in the melting point. This polyamine was reported by Johnson & Markham (~962) to be associated with turnip yellow mosaic virus, broad bean mottle virus, turnip crinkle virus and tobacco mosaic virus. More recent work, however, has demonstrated that the principal polyamine of TYMV is spermidine (Beer & Kosuge, I97o) , which has a very similar structure to bis(3-aminopropyl)amine. The increase at pH 7"5, I = o.z and with bis(3-aminopropyl)amine at a concentration of o.o~ M was to 68 °C (Fig. 2) . It is doubtful whether differences of 2 to 3 °C in the effects of, for example, adding MgC12 or the polyamine are significant.
The general result of changing the ionic strength from I = o-2 to I = I.o was to raise the melting temperature without affecting the hypochromicity. For both low and high pH the increase in the melting temperature was about the same. was from 53 °C to 63 °C and at pH 7"5 was from 55 °C to 65 °C (Fig. I a, b) . Thus the shift in the melting curves that resulted from a change in the ionic strength from o-2 to I.o resembled the shift caused by the addition of Mg ~'+ to buffer of I = o.2. The addition of o.oI M-MgC12 at I = I-O produced little or no further increase in the melting point for either pH 4"5 or pH 7"5 ( Fig. I a, b) . In pH 7"5, I = I-o tris buffer the curve with added Mg 2+ was about i °C higher than that for RNA without the added divalent cation, while in pH 4"5 buffer the two melting profiles were coincident. The inclusion of the polyamine, bis(3-aminopropyl)amine, also had little effect on the melting point at pH 7"5 ( Fig. 2) . It thus appears that high ionic strength, divalent cation (Mg 2+) and polyamine all functioned to stabilize the helical regions of the CCMV RNA molecules to a similar extent.
Sedimentation coefficients and melting curves of the RNA components
The RNA genome of cowpea chlorotic mottle virus has a multicomponent nature, with RNA species of mol. wt. I.I, I.O, o.8 and o'3 x IO s, numbered I, 2, 3 and 4 respectively (Bancroft, 1971) . It thus seemed worthwhile to study certain physical properties of the isolated RNA-components in order to uncover any variations in the RNA structure which might play a role in assembly or in maintaining the stability of the virus. The components were isolated, as described in Methods, by dissociating the virus in SDS and separating the RNA on sucrose gradients. Species I and z cannot be separated by this procedure and so were considered as a mixture.
Variations in the sedimentation coefficients with pH at ionic strength o.2 and 5 °C are shown in Fig. 3 . The RNA was at a concentration of 2o #g/ml. The most striking result was that over a wide range of pH the s~0,w values for the individual RNA species were nearly constant. From less than pH 5"5 to pH 8"5, RNA components I plus 2 sedimented at 24 S, RNA 3 sedimented at 2I S and RNA 4 at I2S. The important structural transitions of the virus, swelling at low ionic strength and disassembly at high ionic strength (Adolph, I975) , take place between pH 6"5 and pH 7.o. Thus, through this pH region of transition the RNA retains its structure, or at least that aspect of its structure reflected in its sedimentation coefficient. One can conclude that changes in the large scale structure of the RNA are not responsible for the structural transitions of the virus.
The S2o,~ values of the RNA species increased somewhat at pH 4"5, and further at pH 3"5-At this pH value, RNA species I plus 2 sedimented at 38S, while RNA 3 and RNA 4 sedimented at 32 S and I7S, respectively. Although this increase is of interest, it is of little relevance to assembly since it occurs outside pH region for the swelling and disassembly of CCMV.
Ionic strength had more influence on the s20.w values than did pH. This was especially true for RNA I plus 2 and RNA 3, which displayed steady increases in the sedimentation coefficients as the ionic strength was raised tenfold, from o-I to I.O, at pH 7"5 and 5 °C (Fig. 4) . Over this range of ionic strength, s~0,, of RNA r plus 2 increased from 2[ S to 27 S, which was slightly greater than the increase of RNA 3, from 20 S to 25 S. The smallest RNA component, RNA 4, showed an increase in s~0,,~ until I = 0"4, beyond which the sedimentation coefficient was constant. This behaviour of the several RNA species (an increase in s20,~ with ionic strength) could result from a decrease in the radii of gyration of the RNA molecules to give more compact configurations. Another manifestation of the effect of ionic strength, which had been seen earlier with unfractionated RNA, was to raise the melting point by stabilizing the double-helical regions of the RNA. Thus the overall effect of increasing the ionic strength was to create a more compact RNA configuration with stable helices. The thermal denaturation profiles of the RNA fractions were also determined, in pH 7 tris buffer at I = o.1 (Fig, 5) -The melting points differed by a few degrees but the changes in the relative extinctions were the same. RNA I plus 2 melted first at 52 °C, followed by RNA 3 at 54 °C and RNA 4 at 55 °C. Since the nucleotide compositions of the RNA species are not known, it was not possible to relate the melting points to the nucleotide compositions.
DISCUSSION
The experiments to measure the hypochromicity of CCMV RNA both in situ and following phenol extraction demonstrate that the amount of secondary structure is the same in both cases. Therefore, the nature of the RNA structure deduced from the melting profiles and the sedimentation characteristics is of some relevance to the structure that is responsible for maintaining the integrity of the virus.
The melting curves of unfractionated RNA can be interpreted as revealing that the RNA molecules have the same amount of secondary structure at low and high pH and low and high ionic strength. The constancy of the degree of secondary structure was also suggested, at low ionic strength, by the invariance of the sedimentation coefficients with changes of pH over a wide range. Under all conditions studied the addition of o.oI M-MgCI2 did not change the extinction at room temperautre. It appears that Mg ~+ does not induce a conformational change in CCMV RNA, that is, does not increase the degree of secondary structure. The melting point is raised by an amount which depends upon the ionic strength. Both Mg 2+ and high ionic strength therefore seem to produce the same effect, creating a stable, perhaps more compact configuration of the RNA molecules while conserving the amount of secondary structure. Like Mg 2+, the polyamine seems to function by stabilizing the regions of secondary structure in CCMV RNA.
The fundamental conclusion from this work is that the driving force for the structural transitions in the virus is not a large scale change in RNA structure, such as an increase in the radius of gyration. This follows from the invariance of the RNA sedimentation coefficients through the pH region for the important structural changes of the virus and from the similarity in the values for the hypochromicity of the extracted RNA at high and low pH values. Since it is known that the protein capsid is disaggregated at pH 5"5 and above (Adolph & Butler, I974) while swelling of the virus takes place around pH 6.75 (Adolph, I975 ) , RNA appears, in fact, to stabilize the capsid. 
